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Abstract
The diurnal to weekly dynamics of carbon and oxygen in two productive tropical–subtropical nearshore
shallow water systems were investigated using a combination of time-series observation and modeling. The two
sites, Aodi (121.93uE, 25.06uN) and Nanwan (120.85uE, 21.91uN), were characterized by limited freshwater input,
strong tidal advection and, at Nanwan, upwelling. The diurnal ranges were 96–234 mmol kg21 for dissolved
inorganic carbon (DIC), 8.9–42.2 Pa for partial pressure of carbon dioxide (pCO2), and 37–239 mmol kg21 for
dissolved oxygen. The diurnal variability increased from spring to neap tidal states at both sites. A model
accounting for gas exchange, biological activities, tidal advection, and upwelling was developed to assess the
biophysical interactions modulating the biogeochemical dynamics. The strongest driver of the diurnal variability
was the net ecosystem production of the benthic-dominated nearshore ecosystem. Tidal advection buffered the
accumulation of biological effects and the intensified dispersion lowered the diurnal amplitudes at spring tides.
Tide-induced upwelling at Nanwan increased the surface inorganic carbon, and its decreasing intensity resulted in
declines in DIC and pCO2 from spring toward neap tide. The maximum community photosynthetic rates at Aodi
and Nanwan were 295 and 120 mmol C m22 h21, with ecosystem respiratory rates of 122 and 53 mmol C m22 h21.
The two autotrophic ecosystems were sinks for atmospheric CO2 during the study period, with the average air–sea
fluxes being 20.30 and 20.56 mmol C m22 d21 for Aodi and Nanwan.
Coastal oceans are among the most biologically and
geochemically active areas of the biosphere and play a
significant role in the global carbon cycle despite their
relatively modest surface area (Gattuso et al. 1998; Muller-
Karger et al. 2005; Chen and Borges 2009). The interac-
tions between biogeochemical and physical processes result
in high variability in coastal environments on various
timescales. Many oceanographic observations have char-
acterized seasonal variations, and growing evidence has
revealed the significance and complexity of the dynamics
on intra-seasonal to diurnal timescales. Such short-term
variability also needs to be assessed if the effect of coastal
systems on global budgets is to be accurately accounted for.
Short-term coastal biogeochemical dynamics and their
controlling mechanisms are environment dependent and
might vary on different timescales. For example, Yates et
al. (2007) found high diurnal variability of oxygen and
carbonate variables dominated by benthic primary produc-
tivity and respiration in Tampa Bay, whereas precipitation
and dissolution of calcium carbonate were dominant in
Florida Bay. In California coastal waters, DeGrandpre et
al. (1998) attributed most of the short-term dynamics in the
partial pressure of carbon dioxide (pCO2) and dissolved
oxygen (DO) to the thermocline movement and the
advection of distinct water types. In the English Channel,
Borges and Frankignoulle (1999) found that the daily
variations in pCO2 depended on the tide and were
modulated by the biological cycle, but that the pCO2
seasonality was determined by the input from the Scheldt
River and changes in the phytoplankton biomass. De La
Paz et al. (2008a,b) investigated the daily-to-seasonal CO2
variability in a shallow tidal creek in the Bay of Cadiz
influenced by aquaculture activities. They concluded that
the daily variability was mainly controlled by the tidal
mixing and modulated by the water residence time relating
to the spring–neap tidal cycle, whereas the seasonal
variability was mostly affected by the changes in discharges
from the adjacent fish farm and organic matter respiratory
processes. Comparing nearshore and offshore regions, Dai
et al. (2009) reported large pCO2 diurnal variations ranging
from 1.0 to 61.6 Pa dependent upon the environmental
conditions. They suggested that the scales and sources of
variations could be categorized as being primarily forced by
temperature, tide and current, or biological activity.
The distinct temporal variability creates difficulties in the
flux estimations in heterogeneous coastal regions. Most of
the present estimations of annual fluxes are based on
seasonal measurements but generally ignore the variations
in short-term timescales. However, short-term variability
can range from being a minor fraction of the seasonality
(Borges and Frankignoulle 1999, 2002) to dominating it
(Cai et al. 1999; Yates et al. 2007). Use of seasonal
‘‘snapshot’’ underway data without characterization of the
short-term variations is clearly likely to impart bias in the* Corresponding author: mdai@xmu.edu.cn
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estimations of annual fluxes, particularly for dynamic
coastal environments (Yates et al. 2007; Dai et al. 2009). To
take this forward, observations with high temporal
resolution are important in order to quantify the short-
term variability and its likely influence on the precision of
flux estimates. Moreover, a mechanistic understanding of
the variability is crucial to improve our knowledge on the
biogeochemical processes in a specific system, and it also
enables generalizations to other similar areas.
Time-series data have been correlated to ecosystem
metabolism by Eulerian observations in areas with
relatively low physical forcing (Frankignoulle and Bou-
quegneau 1990; Frankignoulle et al. 1996) or by Lagrang-
ian drift experiments, which minimize the physical effects
(Borges and Frankignoulle 2001). There have also been
modeling efforts to distinguish the biological forcing from
physical influences (Kraines et al. 1996; DeGrandpre et al.
1997; Baehr and DeGrandpre 2004). The challenge now is
to differentiate the fractional contribution of the different
sources modulating the biogeochemical variations in
hydrologically dynamic areas. For this purpose, an
integrated model that analyzes the interaction among the
major biophysical controlling factors is clearly needed.
The recent review by Chen and Borges (2009) shows that a
better understanding of coastal carbon cycling is developing
across a range of contrasting shelf sea environments, but it
also clearly points out that there is still a lack of data from
large areas of the globe. Previous studies in nearshore
environments have tended to focus on estuaries, salt
marshes, and mangroves (Chen and Borges 2009; Guo et
al. 2009). Information is lacking in nearshore systems
uninfluenced by river input, which represent a significant
fraction of coastal areas. In this study, we examined the
short-term biogeochemical variability in two such nearshore
shallow waters off tropical–subtropical Taiwan. Both sites
(Aodi and Nanwan) were characterized by high benthic
productivity, limited freshwater input, and strong tidal
mixing, and Nanwan was further affected by tide-induced
upwelling. The hydrodynamics without riverine input
highlighted the tidal mixing effect, and the contrasting
hydrographic settings between the two sites provided an
opportunity to explore the biogeochemical dynamics con-
trolled by various biophysical processes. The amplitudes and
trends of the variations were captured by the intensive time-
series observations covering diurnal to weekly timescales. In
situ dark–light bottle incubations were conducted to assess
the relative importance of the biological contribution of the
pelagic and benthic community. A model was developed for
investigation of the mechanisms shaping the nearshore
biogeochemical dynamics. It provided insight into the
interactions between biological and physical processes, and
assessed the fluxes exchanged between nearshore water and
other reservoirs such as atmosphere, biological community,
and offshore waters. Consequently, the ecosystem metabolic
states were evaluated relative to the dynamic influences from
the tidal advection and upwelling. This study highlighted the
variability of carbon fluxes and their controls on both
diurnal and spring–neap tidal timescales in productive
nearshore systems with shallow depth and strong spring–
neap cycles.
Methods
Study sites—Taiwan is located in the southeastern corner of
Eurasia and at the western rim of the Pacific Basin. It faces the
Luzon Strait to the south, the Taiwan Strait to the west, and
the Pacific Ocean to the east (Fig. 1). The Tropic of Cancer
runs across Taiwan’s middle section, dividing the island into
two climactic zones: tropical in the south and subtropical in
the north. The coastline of the island is approximately 1566 km
long with four types of coastal landscape: eastern fault coast,
western emergent coast, northern mixed coast, and southern
coral reef coast (Cheng et al. 2003).
Aodi (121.93uE, 25.06uN; Fig. 1) is located at a rocky
coast on the northeast of Taiwan without notable
terrestrial freshwater input. The sampling site is , 20 m
away from the shoreline with an average depth of 4.5 m.
Tidal mixing is the predominant process driving the water
exchange in this region. The tide is a mixture of diurnal and
semidiurnal components with a mean tidal range of 0.60 m
(Central Weather Bureau, Taiwan, http://www.cwb.gov.tw/).
Seafloor and rocks in this area are densely encrusted by
photoautotrophic macroalgae, seagrass, and benthic micro-
algae, whereas calcifiers (e.g., barnacle, coral) are sparsely
distributed.
Nanwan Bay is a semi-enclosed embayment on the south
coast of Taiwan (Fig. 1). Adjacent to Kenting National
Park, the bay is in a protected pristine environment with
minimum industrial, domestic, or agricultural pollution
(Chen et al. 2004b). Well-developed fringing reefs are found
in the bay, with extensive living coral cover ranging from
30% to 60% (Dai 1991). The tide is predominantly diurnal,
with a mean tidal range of 1.8 m during spring tide and
0.5 m during neap tide (Jan et al. 2004), and the strong tidal
currents dominate the circulation in the bay (Lee et al.
1997). The sea surface temperature generally ranges from
22uC to 26uC in winter and 24uC to 29uC in summer. The
most prominent phenomenon in Nanwan Bay is the year-
round regular temperature drops of 2–10uC within 12–24 h,
which are caused by intermittent upwelling (Lee et al.
1999b; Chen et al. 2004b; Jan and Chen 2009). Different
from the classical wind-driven coastal upwelling systems, a
three-dimensional tide model reveals that the upwelling in
Nanwan Bay may primarily be caused by intrusion of
subsurface water during the upward phase of internal tides
(Jan and Chen 2009). Affected by the upwelling, our
sampling site (120.85uE, 21.91uN; Fig. 1) was 10 m away
from the shoreline of the southern end of the east cape, and
the average water depth was 3 m. There was no local river
input, but the site received fresh water from torrential rains
on 05 June 2008 and the following dispersed terrestrial
runoff. The community structure of the ecosystem at
Nanwan is dominated by benthic photoautotrophic organ-
isms, which is similar to that at Aodi, but the benthos at
Nanwan was patchily distributed and the biomass abun-
dance was visibly less than that at Aodi.
Measurements made on cruises that sampled at four
offshore reference stations (R1, R2, R3 for Nanwan and R4
for Aodi; Fig. 1) were used to constrain the end members of
the offshore waters. The profile data at station R1 were
collected during a diurnal observation at three hourly
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intervals in July 2007, stations R2 and R3 were surveyed in
September 2008, and the observations at R4 were made in
August 2009 (Table 1).
Observation, sampling, and analysis—Time-series obser-
vations and samplings were carried out during 04–12 June
2008 at Nanwan and from 31 July to 05 August 2008 at
Aodi. The same equipment was used at both sites, except
that at Aodi an additional temperature sensor was
deployed in an adjacent 3-m-deep isolated seawater pond
to record the temperature fluctuation controlled by solar
radiation and heat exchange. At both sites an Ocean-
SevenH 316plus conductivity–temperature–depth system
associated with a WetlabsH ECO fluorometer were
suspended 1.5 m below a ball float that was anchored
at the sampling point. These measured in situ parameters
Fig. 1. Location of sites Aodi (121.93uE, 25.06uN) and Nanwan (120.85uE, 21.91uN) off
Taiwan. Also shown are the offshore reference stations R1, R2, R3, and R4 (see Table 1). The map
was created by Ocean Data View software (Schlitzer 2011).
















Jul 2007 R1 120.50uE,
21.00uN






Sep 2008 R2 120.14uE,
21.00uN
1897 2218 214.4 ,0.10 ,0.08
Sep 2008 R3 121.00uE,
20.00uN
1896 2212 213.0 0.29 ,0.08
Aug 2009 R4 122.50uE,
25.33uN
1899 2218 206.9 2.20 0.24
1834 Jiang et al.
including temperature, salinity, pH, DO, and concentra-
tion of chlorophyll a (Chl a) every 2.5 min. Photosyn-
thetically active radiation (PAR) was monitored every
minute using a BISH Radiometer PAR detector. All
sensors were calibrated before the deployments, and the
DO and Chl a data were calibrated against the values
measured from discrete samples.
A submersible pump at the sampling position continu-
ously pumped a stream of seawater to an adjacent land
base where pCO2 was measured and discrete samples were
collected. The main components of the pCO2 measuring
system included a LI-CORH LI-7000 nondispersive infrared
analyzer coupled to a shower head water–air equilibrator
(Zhai et al. 2005). The aqueous pCO2sea was calculated
from the measured xCO2 in dry air, which was corrected for
the water vapor pressure and temperature following
Takahashi et al. (1993) and Dickson et al. (2007):
pCO2sea~xCO2|(P{VP(H2O,s=w))|e
0:0423|(Tsea-Tequ) ð1Þ
where P is atmospheric pressure, VP(H2O,s/w) is the
saturated water vapor pressure (Weiss and Price 1980),
and Tequ is the temperature in the equilibrator headspace,
which was slightly higher (, 0.3uC) than the in situ
temperature Tsea. The system was calibrated with three CO2
gas standards of 29.9, 38.8, and 49.1 Pa every 8 h followed
by measurements of atmospheric pCO2.
Discrete samples were taken every 3 h. Samples for
dissolved inorganic carbon (DIC) and total alkalinity (TA)
were collected into 500-mL brown borosilicate glass bottles
and poisoned with 200 mL saturated HgCl2 solution to
prevent biological alteration. Each DIC sample was
measured three times (SD , 2 mmol kg21) with an ApolloH
DIC Analyzer by infrared detection of CO2 following acid
extraction from a 0.500-mL sample. TA was determined by
Gran acidimetric titration on a 25.00-mL sample with an
ApolloH TA Analyzer (Cai and Wang 1998). The precision
of TA measurements (, 2 mmol kg21) was checked on a
daily basis by replicate measurements (n . 3) on the same
batch of seawater prior to sample analysis. Certified
reference materials from A. G. Dickson at the Scripps
Institution of Oceanography (batches 82 and 83) were used
to assure the accuracy of the measurements of DIC and TA.
Duplicate DO samples were collected in 60-mL BOD
(Biological Oxygen Demand) bottles and measured using a
spectrophotometric method with a precision of 0.4% (Pai et
al. 1993). For the light–dark bottle incubations, water
samples were taken in 200-mL transparent glass bottles, and
those for darkened oxygen consumption incubations were
sealed in lightproof bags and shaded from light. All bottles
were placed at the sampling depth, and the incubation times
were 3–12 h and 24 h for the illuminated and the darkened
bottles, respectively. The pelagic photosynthetic and respi-
ratory rates were estimated from the changes in DO
concentrations during the incubations as described below.
Calculations—Air–sea gas flux: The air–sea gas flux
(Fgas) was calculated as
Fgas~k|a|Dp(sea{air) ð2Þ
where k is the gas transfer velocity, a is the gas solubility, and
Dp(sea–air) is the partial pressure difference of CO2 or O2
between the surface seawater and the atmosphere. A negative
flux corresponds to a net transfer from the atmosphere to the
sea. The gas solubility was calculated as a function of seawater
temperature and salinity (Weiss 1974; Benson and Krause
1984). The atmospheric pCO2 was set as a constant based on
the mean atmospheric CO2 concentration during our
observation (38.7 6 0.2 Pa, n 5 20). The hourly averaged
wind speeds were measured at the adjacent weather stations of
the Center Weather Bureau of Taiwan. Gas transfer velocity
was estimated following the parameterization of Nightingale
et al. (2000), which was based on the dual tracer release
experiments over a wide range of wind speed. A comparison
between the CO2 fluxes calculated using the parameteriza-
tions from Nightingale et al. (2000) and Sweeney et al. (2007)
agreed to within 0.08 6 0.06 mmol C m22 d21.
Carbonate chemistry calculation: The program CO2SYS
(Lewis and Wallace 1998) was used for the carbonate
chemistry calculations using any two parameters from
DIC, TA, pH, and pCO2. The carbonate and HSO
{
4
dissociation constants were chosen as ‘‘Mehrbach 1973 refit
by Dickson and Millero 1987’’ (Dickson and Millero 1987)
and ‘‘Dickson’’ (Dickson 1990). The carbonate system was
over-constrained in our study, and the pCO2 calculated from
DIC and TA matched the field measurement with average
differences being 0.8 and 1.0 Pa at Aodi and Nanwan.
Temperature effect on pCO2: pCO2 was normalized to the
mean temperature (Tmean) following Takahashi et al. (1993)
to examine the temperature effect on pCO2 variability:
pCO2,NT~pCO2,Tobs|e
0:0423|(Tmean{Tobs) ð3Þ
where Tobs is the in situ temperature, pCO2,Tobs and pCO2,NT
are the pCO2 from observation and the values after
temperature normalization. The variability of temperature-
normalized pCO2,NT reflects the influence of nonthermal
processes such as air–sea CO2 transfer, biological activity,
and mixing. Meanwhile, the thermally forced pCO2 varia-
tion under isochemical conditions (pCO2,T) can be estimated




Pelagic photosynthetic and respiratory rates: The chang-
es in DO concentrations in dark DO consumption
incubations were assumed to be due to respiration, and




where Rresp and Rphoto are the pelagic respiratory and net
photosynthetic rates, DOinitial is the DO concentration at
the beginning of the incubations, DOresp and DOphoto are
the DO concentrations after darkened and illuminated
incubations, tresp and tphoto are the durations of darkened
and illuminated incubations.
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Surplus DIC (DICsurp) and apparent oxygen utilization
(AOU): DICsurp is defined as the difference between the
DIC concentration from observation (DICobs) and that
which would exist at equilibrium with the atmosphere
(DICeq) (DeGrandpre et al. 1997). DICeq was calculated
from the observed TA and atmospheric pCO2 using the in
situ seawater temperature and salinity.
DICsurp~DOobs{DICeq ð7Þ
AOU is the departure of the observed DO concentration
(DOobs) from the saturated value (DOsat) (Benson and
Krause 1984):
AOU~DOsat{DOobs ð8Þ
Biological effects on carbonate system and oxygen: The
outcome of organic and inorganic carbon mechanisms can
be reflected by the changes in concentrations of DIC and











Calcification decreases DIC and TA at a ratio of 1 : 2
and increases dissolved CO2 in the surrounding water
(Ware et al. 1992). For simplification, we calculated the
rate of the DIC changes caused by precipitation and
dissolution of calcium carbonate (RDIC(CaCO3)) from the
measurements of discrete samples:
RDIC(CaCO3)~0:5|DTA=Dt ð11Þ
Photosynthesis utilizes DIC and produces DO, whereas
respiration depletes DO and increases DIC and pCO2 in the
seawater. The net ecosystem production (NEP) is defined
as the difference between gross primary production (GPP)
and ecosystem respiration (ER). With correction for
calcification, the rate of DIC changes resulting from NEP
(RDIC(NEP)) was calculated as
RDIC(NEP)~DDIC=Dt{RDIC(CaCO3)
~(DDIC{0:5|DTA)=Dt ð12Þ
Assuming %NEP as the percentage of the DIC uptake or
release by NEP, we can estimate %NEP from Eqs. 11 and 12:
%NEP~RDIC(NEP)=(RDIC(NEP)zRDIC(CaCO3))
~1{0:5|DTA=DDIC ð13Þ
Calcification does not alter DO concentration, and the
rate of oxygen uptake and release induced by NEP
(RDO(NEP)) was calculated as
RDO(NEP)~DDO=Dt ð14Þ
It should be pointed out that the above calculations
(Eqs. 11–14) were based on the assumption that the
biogeochemical variations were controlled solely by the
biological mechanisms. In fact, they were prone to the
influence of gas exchange and physical mixing. Normali-
zation to a constant salinity is often used to compare
marine carbonate data (i.e., DIC, TA) at different salinities.
However, the small salinity range measured at Aodi and the
influence of freshwater and upwelling at Nanwan made the
traditional salinity normalization inappropriate for our
study (Friis et al. 2003). The correlations between TA and
salinity were poor at both sites (R2 5 0.07 at Aodi and R2
5 0.01 at Nanwan); consequently, salinity normalization
was not used. Further equations taking into account mixing
processes were derived in the model development.
Model—The fundamental concept of the model is the
mass balance of the biogeochemical components:
d(C|Z)=dt~
X
Fi~F GaszF BiozF Mixz . . . ð15Þ
where C is the concentration of DIC, DO, etc., Z is the
water depth, and d(C 3 Z)/dt is the rate of change in the
inventory of the biogeochemical component due to the
fluxes caused by various processes such as air–sea gas
exchange (F_Gas), biological activities (F_Bio), and physical
mixing (F_Mix). This comprehensive model can be simpli-
fied by focusing on the key processes and thus adapted to
various environments (Kraines et al. 1996; Baehr and
DeGrandpre 2004; DeGrandpre et al. 2004).
A one-dimensional (1-D) model was applied in this study
in consideration of the short residence time of water in the
two vertically well-mixed nearshore systems. The biogeo-
chemical dynamics in the model were primarily controlled
by gas exchange, biological, and physical processes. As
shown in Fig. 2, the model iteratively evaluated the carbon
and oxygen fluxes, as well as the evolutions of nearshore
DIC and DO concentrations, with a time step as 0.25 h.
The modeled pCO2 was computed from the simulated DIC
and interpolated TA. For biological processes, both
organic and inorganic biological production were included.
For physical mixing, the model assessed tidal advection at
both sites and an additional subsurface end member was
added to account for the upwelling at Nanwan. However,
covering the episodic events such as the extreme rain at
Nanwan was beyond the scope of the model.
Simulation of biological processes: Primary production
is generally assumed to depend on light and concentration
of Chl a (Platt et al. 1980; Smyth et al. 2005; Sathyen-
dranath et al. 2007):
P~B|Pmax|(1{e
({a|Iz=P max ))|e({b|Iz=P max ) ð16Þ
where B is the Chl a concentration; Pmax is the Chl a
normalized rate of light-saturation photosynthesis; Iz is the
in situ PAR, which is described as an exponential function
of the surface irradiance (I0) and the vertical attenuation
coefficient (kv): Iz 5 I0 3 e(2kv3Z); a is the photosynthetic
Rr
Rr
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efficiency in low irradiation; and b is the coefficient of
inhibition at high irradiation intensity. The data in this
study were not sufficient to critically examine the photo-
inhibition and b was thus set to zero (DeGrandpre et al.
2004). The ecosystems at both study sites were dominated
by the dense benthos, and the incubation experiments
revealed that the biological production was mostly contrib-
uted by the benthic community at both sites (see the
Discussion section below). The abundance of sessile benthos
growing on the seafloor and rocks remained almost constant
during our observations and, at the same time, the variations
in Chl a concentration were small (Fig. 3C,H). Thus, the
model assumed a constant biomass of the whole ecosystem
and evaluated the biological production and consumption at
the ecosystem level. The rate of ER was set to be constant in
the model. Given GPPmax 5 B 3 Pmax (B refers to the
constant Chl a content of the nearshore ecosystem) and Ik 5
Pmax/a, we rewrote Eq. 16 as
GPP~GPPmax|(1{e
({Iz=Ik)) ð17Þ
where GPP is the gross production rate of the whole
ecosystem, GPPmax is the maximum light-saturation ecosys-
tem photosynthetic rate, and Ik is the parameter for photo-
adaptation (Sathyendranath et al. 2007). On the other hand,
the carbon fluxes resulting from calcification (F_CaCO3) could
be estimated from the observed TA (Eq. 11). Consequently,
the biologically induced carbon fluxes (F_Bio) were the sum
of those caused by ecosystem photosynthesis (F_GPP),
respiration (F_ER), and calcification (F_CaCO3):
F Bio~F NEPzF CaCO3~F GPPzF ERzF CaCO3 ð18Þ
The production and consumption of DO are proportional to
the local utilization and production of CO2, at ratios
represented by the photosynthetic quotient (PQ) and respiratory
quotient (RQ). The oxygen fluxes due to NEP could therefore
be estimated by converting uptake and release of carbon to that
of oxygen using PQ and RQ, whereas FCaCO3 for oxygen
modeling was zero as calcification has no influence on DO.
Simulation of physical mixing: The elevation or reflux of
the depth of nearshore water (DZ) was determined by the
balance of the intrusion of offshore waters (Ex_In) and the
outward transportation of nearshore water (Ex_Out):
DZ~Ex In{Ex Out ð19Þ
Fig. 2. (A) Conceptual diagram of the 1-D biogeochemical model simulating oxygen and carbon dynamics in the nearshore shallow
waters taking into account fluxes associated with air-sea gas exchange, biological activities, and tidal advection; upwelling was also
considered at Nanwan. (B) Schematic diagram of the model which evolved iteratively at a 0.25-hour time step (see text for details).
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During the flood tide, we assumed an offshore-to-
nearshore flow and Ex_In could be estimated as
Ex In~V|Dt|Across=Abasal~V|Dt|A|(DZd=ZÞ ð20Þ
where V is the current velocity, Dt is the time duration,
Across is the cross-sectional area of the intrusion offshore
water, and Abasal is the basal area of the region affected by
the offshore water intrusion. The Across/Abasal was
assumed to be proportional to the ratio of daily tidal
range (DZd) to current water depth (Z) by a tidal
advection coefficient (A). The advection coefficient is
adjustable and its optimal value is determined by the
model optimization. During the ebb tide, Ex_Out was
calculated in a similar way by assuming a current velocity
outward from nearshore.
For the modeling of upwelling, Ex_In was divided into
offshore surface water (Ex_Osurf) and subsurface water
(Ex_Osub) by a fractional coefficient f_Osub:
Ex Osub~Ex In|f Osub; Ex Osurf~Ex In|(1{f Osub) ð21Þ
Fig. 3. Results of the time-series observations at Aodi and Nanwan. (A,F) Tidal elevation
and PAR; (B,G) temperature and salinity; (C,H) TA and Chl a; (D,I) DIC and pCO2; (E,J) pH
and DO. The data gap during 05–06 June at Nanwan was due to the interruption of a torrential
rain. (B) TRef is the temperature measured in a 3-m-depth isolated seawater pool during the
observation at Aodi. (E) The DO sensor was biofouled at Aodi and the DO data are from the
measurements of discrete samples. (C,H) TA_Osurf, (D,I) DIC_Osurf, and (E,J) DO_Osurf are the
concentrations in offshore surface water observed at reference stations.
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f_Osub was set to zero in Aodi modeling because there
was no occurrence of upwelling at Aodi. The upwelling at
Nanwan was indicated by temperature decreases, and the
evolvement of upwelling intensity followed the variations
of tidal currents on spring–neap cycles (Jan and Chen
2009). We were not aiming to examine the process of
upwelling in detail in this study, and f_Osub was estimated
on a daily averaged basis:
f Osub~f|Vd|DTd ð22Þ
where f is a tunable upwelling coefficient to be determined
by the model optimization, Vd is the daily averaged current
velocity, and DTd is the amplitude of the daily temperature
decrease.
Concentrations of DIC and DO are conservative during
the mixing processes, and the fluxes caused by mixing were
expressed as
F Mix~C Nsw|Ex Out{C Osurf|Ex Osurf
{C Osub|Ex Osub ð23Þ
where C_Nsw is the modeled nearshore DIC or DO
concentration at the end of the last time step and C_Osurf
and C_Osub are the concentrations of the offshore surface
and subsurface end members. The measurements at
stations R1, R2, and R3 showed little difference in the
DIC and DO concentrations in the offshore water adjacent
to Nanwan, and these results were similar to those at R4 off
Aodi (Table 1). C_Osurf results at the two sites were thus set
as constants in the model (Table 2) according to the
observations at the reference stations. Linear correlations
were found between DIC and DO with respect to
temperature from the profile data at R1, R2, and R3
(Table 1), which allowed an estimation of the DIC and DO
concentrations of the subsurface end member from
temperature. The concentrations of C_Osub at Nanwan
varied with the upwelling intensity and were estimated from
the observed daily temperature minima on a daily basis.
Model forcing and optimization: The initial condition of
the model was set to the values of the measurements at the
start time of modeling. The model was forced by the time
series of temperature, salinity, PAR, tidal height, wind
speed, current velocity, and interpolated TA concentra-
tions. The current velocities were taken from the output of
a barotropic tidal model that predicts sea levels and
currents in the seas around Taiwan (Hu et al. 2010). At
Nanwan, the absent data for temperature, salinity, and TA
during 05–06 June at Nanwan were estimated from the
average values on adjacent days.
The parameters and coefficients of the model that could
not be measured directly needed to be validated in order to
improve the robustness and reliability of the model. To do
this, values of these parameters and coefficients were
generated randomly from their ranges, which were esti-
mated from observation and the literature. Their combi-
nations were used for model simulations and the perfor-
mances were evaluated by the root mean square of residuals
between simulation and observation. We adopted a two-
step optimization procedure to obtain the optimal values of







(optimized) Definition and description
Dt h 0.25 0.25 Time step
kz m21 0.25 0.25 Vertical light attenuation coefficient
Ik mmol quanta m22 s21 160 215 Photoadaptation coefficient
GPPmax mmol C m22 h21 295 120 Maximum community gross production rate
ER mmol C m22 h21 122 53 Community respiration rate
PQ no unit 1.31 1.38 Photosynthetic quotient
RQ no unit 0.81 0.80 Respiratory quotient
Zm m 4.5 3.0 Mean water depth
DIC_Osurf mmol L21 1941 1937 DIC concentration of the offshore surface end member
DO_Osurf mmol L21 207 212 DO concentration of the offshore surface end member
A no unit 44.9 40.4 Tidal advection coefficient
f no unit 0 0.59 Upwelling coefficient
Z (t) m Water depth
Iz (t) mmol quanta m22 s21 In situ PAR intensity
Ex_Out (t) m Outward transport of the nearshore shallow water
Ex_Osurf (t) m Intrusion intensity of the offshore surface water
Ex_Osub (t) m Intrusion intensity of the offshore subsurface water
f_Osub (t) no unit Fraction coefficient of the offshore subsurface water
DTd (t) uC Amplitudes of the daily temperature drops
DZd (t) m Daily tidal range
Vd (t) m s21 Daily averaged current velocity
DIC_Osub (t) mmol L21 DIC concentrations of the offshore subsurface end member
DO_Osub (t) mmol L21 DO concentrations of the offshore subsurface end member
DIC_Nsw (t) mmol L21 Modeled nearshore DIC concentrations
DO_Nsw (t) mmol L21 Modeled nearshore DO concentrations
pCO2_Nsw (t) Pa Modeled nearshore pCO2 concentrations
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the parameters and coefficients listed in Table 2. First,
optimal values of the parameters and coefficients except for
PQ and RQ were chosen as the group that yielded the
lowest residuals in the modeling of DIC and pCO2. Based
on this, the optimal PQ and RQ were taken as those values
that gave the best fit of the DO simulation to the
observation.
Results
Observations at Aodi—During the observations, Aodi
showed an irregular semidiurnal tide, and the daily tidal
range decreased from 1.45 m at spring tide to 0.85 m at
neap tide (Fig. 3A). The temperatures in the surface
seawater (TInsitu) and in the adjacent isolated seawater
pond (TRef) tracked one another closely (Fig. 3B). They
both varied with a regular diurnal trend and the diel
amplitudes (1.5–2.9uC) were positively proportional to the
daily averaged PAR intensity (R2 5 0.92). The small
variations in salinity (Fig. 3B), together with the similarity
in the TInsitu and TRef, implied that there was little other
water supplied to the study site besides the advection of
offshore surface water. Variations in concentrations of Chl
a at Aodi were generally related to tidal movement, with
low values observed during low tides (Fig. 3A,C). DIC,
pCO2, DO, and pH showed distinct and parallel diurnal
variability on day–night cycles. Concentrations of DIC and
pCO2 generally fell during the daylight hours, with the
minima occurring at 15:00–18:00 h (local time, the same
hereafter), and they rose at night, peaking at 00:00–03:00 h
(Fig. 3D). DO and pH (Fig. 3E) both exhibited an inverse
phase with that of DIC and pCO2. DO concentrations were
supersaturated in the daytime and slightly unsaturated at
night (Fig. 3E), and the changes in DO were unrelated to
those in Chl a (Fig. 3C,E). The variation in concentrations
of TA was small in comparison to that of DIC, and its
diurnal pattern was much less clear (Fig. 3C). On a weekly
timescale, the diurnal amplitudes of DIC, pCO2, DO, and
pH varied between the spring and neap tide; this was
characterized by a diminished diurnal variability during
spring tide (Fig. 3; Table 3). For example, the diurnal
amplitude of pCO2 changed by , 60% on 01 August at
spring tide (17.2 Pa) compared to that on 05 August at
neap tide (42.2 Pa).
Observations at Nanwan—Compared to the observations
at Aodi, the tide at Nanwan showed a stronger diurnal
feature, and the difference in daily tidal ranges between
spring tide (1.45 m) and neap tide (0.35 m) was more
pronounced (Fig. 3F). The daily averaged PAR intensities
at Nanwan were similar to those at Aodi (Fig. 3A,F),
except on the cloudy day of 05 June preceding the torrential
rain that night and the following morning, which inter-
rupted our observations (Fig. 3F). The rainfall-induced
dispersed terrestrial runoff on 06–07 June resulted in low
salinities (Fig. 3G) and abnormally high concentrations of
TA, DIC, and pCO2 (Fig. 3H,I). Low salinity signals were
still observable over the following days (Fig. 3G), which
may be because of the continued runoff or enhanced
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well-defined diurnal pattern of temperature variations at
Aodi (Fig. 3B), temperature drops up to 4uC were
observed at Nanwan on a daily basis (Fig. 3G). As
previously observed in the eastern Nanwan Bay (Lee et
al. 1999a,b), these sudden temperature decreases coincided
with increases in salinity and their amplitudes were more
significant during spring tide. This reflected the intrusion
of the upwelled offshore subsurface water to the study site.
The average concentration of Chl a (0.50 mg L21) at
Nanwan was close to that at Aodi (0.55 mg L21), and there
were no clear correlations between Chl a, tidal height, and
DO (Fig. 3F,H,J). The patterns of diurnal changes in
concentrations of DIC, pCO2, DO, and pH were similar to
those at Aodi except for the cloudy day on 05 June. As
shown in Fig. 3I, DIC and pCO2 decreased during the
daytime, with minima occurring at 15:00–18:00 h, and then
increased at night, peaking in the early morning (00:00–
06:00 h). Variations in DO and pH (Fig. 3J) mirrored those
of DIC and pCO2. TA at Nanwan showed higher
variability than that at Aodi (Fig. 3C,H), but it did not
exhibit as clear a diurnal pattern as other variables. As at
Aodi, the diurnal variability of DIC, pCO2, DO, and pH at
Nanwan increased from spring to neap tidal states
(Fig. 3I,J).
On the whole, both sites showed distinct biogeochemical
dynamics on diurnal to weekly timescales (Fig. 3; Table 3).
The diurnal variations of oxygen and carbon at Nanwan
were lower than those at Aodi, which was consistent with
the lower benthic biomass abundance observed at Nanwan.
The offshore surface waters observed at the reference
stations were close to equilibrium with the atmosphere
(DIC_Osurf, TA_Osurf, and DO_Osurf, shown in Fig. 3). At
Aodi, the DIC and TA concentrations generally varied
around DIC_Osurf and TA_Osurf (Fig. 3C,D), and the pCO2
fluctuated around the atmospheric equilibrium value, which
was 38.7 Pa (Fig. 3D). On the contrary, concentrations of
DIC, pCO2, and TA at Nanwan were higher than those in the
offshore surface water particularly during the spring tide,
and they showed a clear decline trend toward the neap tide
approaching the offshore surface end member (Fig. 3H,I).
Additionally, DIC, pCO2, and TA concentrations at
Nanwan were enhanced following the heavy rain (Fig. 3H,I),
which suggested that rainfall on the land may have displaced
some older saturated groundwater into the bay.
Optimized model results—The optimized model results
replicated well the dynamics of DIC, DO, and pCO2 at
both sites (Fig. 4), which suggested that our model took
into account the essential biophysical processes modulating
the short-term oxygen and carbon variability. The discrep-
ancy between modeling and observation during 06–07 June
at Nanwan was mainly due to the influence of the torrential
rain, which was not considered in the model. Suggested by
the modeled nearshore–offshore mixing, the residence times
of water at both sites were estimated to be only a few hours.
Accordingly, the episodic events should not affect the basal
trend of the modeling result because of the quick flushing
rate.
Fig. 4. Dynamics of (A,D) DIC, (B,E) DO, and (C,F) pCO2 from observation (with
subscripts Obs) and from the optimal modeling (with subscripts Opt).
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Discussion
Air–sea gas exchange—As shown in Fig. 5A,C, the air–
sea CO2 fluxes varied with the varying seawater pCO2 and
wind speed. The instantaneous CO2 flux ranged from
29.03 to 6.00 mmol m22 d21 at Aodi (Fig. 5A), and from
210.82 to 3.25 mmol m22 d21 at Nanwan (Fig. 5C).
Because of the low wind speeds and the counterbalancing
of the CO2 uptake in daytime by release at night, the net
daily air–sea CO2 fluxes were relatively small: 20.83 to
0.01 mmol m22 d21 at Aodi (Fig. 5B), and 22.25 to
0.23 mmol m22 d21 at Nanwan (Fig. 5D). Different from
the CO2 source behaviors in other nearshore ecosystems
such as estuaries, mangroves, and salt marshes (Chen and
Borges 2009), the two nearshore shallow water systems
under study were overall CO2 sinks for the atmosphere over
the period of observation. The average fluxes were 20.30
and 20.56 mmol C m22 d21 for Aodi and Nanwan,
respectively. Gas exchange was estimated to account for
diurnal variability of only , 2 mmol kg21 in terms of DIC,
which is an insignificant contribution to the observed DIC
diurnal variations (up to 234 mmol kg21). The gas transfer
resulted in diurnal variability of 3–25 mmol kg21 in terms of
DO, which contributed , 10% of the observed DO diurnal
variations (up to 239 mmol kg21).
The pCO2 diurnal variations observed in the two
nearshore shallow water systems (8.9–42.3 Pa) were much
higher than those in the open ocean (0.2–4.1 Pa, Goyet and
Peltzer 1997; Bates et al. 1998; DeGrandpre et al. 2004) and
some bay systems (5.2–22.1 Pa, Yates et al. 2007; Dai et al.
2009), and are comparable to those of coral reefs (4.2–
86.1 Pa, Kayanne et al. 1995; Gattuso et al. 1996; Bates et
al. 2001). The rapidly changing pCO2 clearly illustrates the
need for high-resolution observations to resolve the
temporal variability and obtain data that accurately
represent the net flux in a dynamic region.
Temperature effect on pCO2 variations—A positive
correlation between pCO2 and temperature is expected
when temperature dominates the pCO2 variability (Taka-
hashi et al. 1993). The negative slopes between pCO2 and
temperature in this study (Fig. 6B,D) suggested that the
pCO2 variation was dominated by processes other than
temperature variation. The trend of temperature-induced
pCO2,T (Eq. 4) was opposite to that of temperature-
normalized pCO2,NT (Eq. 3) at both sites (Fig. 6A,C). This
demonstrated that temperature had an antagonistic effect
to the major controlling factors. In addition, the upwelled
subsurface water at Nanwan was clearly characterized by
low temperature and high pCO2 (Fig. 6D). The intrusion of
CO2-rich cold water caused a net increase in the surface
pCO2, although the temperature drop should have slightly
lowered the pCO2.
Organic and inorganic carbon production—The inverse
correlation between the rates of NEP-induced changes in
DIC (RDIC(NEP), Eq. 12) and DO (RDO(NEP), Eq. 14)
showed the covariation of DIC and DO caused by the
ecosystem photosynthesis and respiration (R2 5 0.95 at
Aodi and R2 5 0.77 at Nanwan, not shown). The rate of
DIC changes induced by net calcification (RDIC(CaCO3), Eq.
11) was one order of magnitude lower than RDIC(NEP). The
slope of DTA/DDIC can range from 0 (photosynthesis
only) to 2 (calcification only) depending on the balance of
organic carbon to calcium carbonate production (Gattuso
et al. 1995; Zeebe and Wolf-Gladrow 2001). In our study,
DTA/DDIC was 0.10 for Aodi and 0.28 for Nanwan,
corresponding to 95% and 86% in %NEP (Eq. 13).
Therefore, NEP was the dominant biological activity at
both sites regulating the DIC and DO variations.
As shown in Fig. 3, TA varied with a less clear trend
compared to other variables at both sites. This may be
because of the fact that TA variations were modulated by
Fig. 5. (A,C) Hourly averaged wind speed and the instantaneous air–sea CO2 fluxes; (B,D)
the net daily air–sea CO2 fluxes. The gas transfer velocity for the flux estimations was calculated
following the parameterization of Nightingale et al. (2000).
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various processes besides calcification. For instance,
concentrations of TA were affected by the freshwater input
and upwelling. Nutrient assimilation or release could also
cause changes in TA (Wolf-Gladrow et al. 2007), and
organic matter in coastal seawater may influence the TA
titration results (Hernandez-Ayon et al. 2007; Muller and
Bleie 2008). Because we did not have enough data for a
detailed examination on TA variability, for simplification
we attributed all the TA variations to calcification. This
assumption did not significantly affect the discussion and
modeling of the dynamics of oxygen and carbon, as TA
changes and calcification account for only a small fraction
of the nearshore seawater biogeochemistry, as discussed
above.
PQ generally varies between 1.0 and 1.4 (Laws 1991;
Williams and Robertson 1991), and the reported values of
PQ from culture and field observations range from 1.0 to as
high as 3.7 (Bender et al. 1987; Grande et al. 1991; Laws et
al. 2000). The slope of AOU (Eq. 8) and DICsurp (Eq. 7)
provides an estimate of PQ if their relationship is
dominated by net biological production, but its magnitude
can also be influenced by mixing and other processes
(DeGrandpre et al. 1997, 1998). The AOU–DICsurp slope at
Aodi (1.17, R2 5 0.96) is within the typical range of the PQ
values of marine biological production. However, the slope
at Nanwan (0.94, R2 5 0.86) is lower than 1, which could
be mostly because of mixing with an older offshore
subsurface water with a different gas exchange history
(DeGrandpre et al. 1998).
Pelagic and benthic production—The benthic community
is likely to play an important role in modulating the
seawater chemistry in coastal waters, and this effect was
magnified in shallow locations (McGlathery et al. 2001;
Gattuso et al. 2006; Yates et al. 2007). At both of our study
sites, the pelagic phytoplankton (, 0.5 mg L21 in Chl a) was
a minor component of the ecosystem compared to the high-
density benthic community. The DO maxima in daytime
corresponded with low Chl a concentrations (Fig. 3),
indicating that DO variations were not controlled by the
phytoplankton in the water column. The rates of pelagic
respiration (Rresp, Eq. 5) and photosynthesis (Rphoto, Eq. 6)
estimated from the incubation experiments were 20.24 6
0.11 (n 5 9) and 0.69 6 0.42 (n 5 6) mmol DO kg21 h21 at
Aodi, and 20.28 6 0.16 (n 5 25) and 0.71 6 0.30 (n 5 14)
mmol DO kg21 h21 at Nanwan. Assuming a 12 h : 12 h day :
night cycle, phytoplankton only accounted for a diurnal
amplitude , 6 mmol kg21 in terms of DO and ,
8 mmol kg21 in terms of DIC. The phytoplankton therefore
had an insignificant influence on the diurnal variability of
DO and DIC, and this indicated that the biological effects
were mostly contributed by the benthic community.
Biophysical interactions—In order to differentiate and
elucidate the effect of individual process in modulating the
nearshore carbon and oxygen dynamics, we performed a
suite of model testing in addition to the optimized modeling
exercise. These results suggested that DO overall varied
negatively with DIC with a similar pattern controlled by
biophysical interactions. Therefore, the following discus-
sion is presented based on the model results of the changes
in the nearshore DIC concentrations and carbon fluxes.
As shown in Fig. 7A,C, the concentrations of DIC_Opt
simulated by the optimal modeling generally varied
following the changes induced by biological activities
(DDIC_Bio). This suggested that the basal diurnal pattern
of the DIC dynamics was shaped by the biological effects.
The model further broke down DDIC_Bio to different
Fig. 6. (A,C) Temperature-normalized pCO2 (pCO2,NT; see Eq. 3) and temperature-induced
pCO2 (pCO2,T, see Eq. 4); (B,D) surface water pCO2 in daytime (pCO2,Daytime) and at night
(pCO2,Night) vs. temperature. (D) The intrusion of offshore subsurface water at Nanwan was
characterized by low temperature and high pCO2.
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sources that resulted from ecosystem photosynthesis
(DDIC_GPP), respiration (DDIC_ER), and calcification
(DDIC_CaCO3). DDIC_GPP and DDIC_ER significantly
exceeded DDIC_CaCO3 (Fig. 7B,D), confirming that NEP
was the dominant biological process at both sites. The
maximum community gross production rates (GPPmax, Eq.
17) estimated from the optimal modeling were 295 and
120 mmol C m22 h21 for Aodi and Nanwan, with
optimized community respiration rates as 122 and 53 mmol
C m22 h21 (Table 2). These rates were significantly higher
than those in the open ocean (Williams 1998), and similar
to or higher than those of rocky shore macroalgae systems
and coral reefs (Bates et al. 2001; Hochberg and Atkinson
2008; Kraufvelin et al. 2010). The higher production and
consumption rates obtained from Aodi modeling were
consistent with the higher biomass abundance at Aodi. The
optimization of DO simulation yielded a PQ of 1.31 for
Aodi and 1.38 for Nanwan, and the PQ value at Aodi was
similar with that estimated from the AOU–DICsurp slope
(1.17). The optimal RQ values were 0.81 and 0.80 for Aodi
and Nanwan, respectively.
As shown in Eq. 23, the mixing-induced carbon fluxes
(F_Mix) and DIC changes (DDIC_Mix) depended on both the
intensities of water exchanges (Ex_Osurf, Ex_Osub, and Ex_Out)
and the DIC concentration gradients between the nearshore
and offshore water masses (DIC_Nsw vs. DIC_Osurf and
DIC_Osub). The model results showed that Ex_Osurf and
Ex_Osub mainly fluctuated with the current velocity and
water depth on daily cycles (Fig. 8B,F), and they decreased
from spring toward neap tide in pace with the decreasing
tidal range and current velocity (Fig. 8A,E). Conversely, the
nearshore–offshore DIC gradients generally increased from
spring to neap tide (Fig. 8C,G). Figure 8G also showed that
the upwelling at Nanwan was a DIC source to the nearshore
water. The DIC changes due to mixing (DDIC_Mix) are
presented in Fig. 8D,H together with those resulting from
gas exchange (DDIC_Gas) and biological activities (DDIC_Bio).
The opposite trend between DDIC_Mix and DDIC_Bio at both
sites (Fig. 8D,H) suggested that mixing had a counterbal-
ancing effect on the accumulation of the local biological
effects.
To further examine the biophysical interactions, we ran a
model testing assuming no water exchange with offshore
waters (M_Nomix, Table 4). The M_Nomix simulated the
nearshore DIC dynamics under an isolated condition
(DIC_Nomix in Fig. 9A,C) that was mostly controlled by
biological mechanisms. The net decreases in DIC_Nomix at
both sites indicated the autotrophic metabolic states of the
two nearshore ecosystems (Fig. 9A,C). The significant
offset between the daily averages of DIC_Nomix and
DIC_Opt also highlighted the influence of mixing processes
on the nearshore DIC concentrations. The diurnal ampli-
tudes of DIC_Nomix were higher than those of DIC_Opt
(Fig. 9A,C), which suggested that mixing processes tended
to decrease the biologically induced DIC diurnal variations.
There was no significant day-to-day difference in the
diurnal variability of DIC_Nomix, which indicated that the
changes in the diurnal amplitudes of DIC between spring
and neap tidal states were modulated mainly by mixing.
We also ran the model testing M_B0 with no NEP, and
M_B1 with low rates of NEP. GPPmax and ER were set to
zero for M_B0 and half of the optimal rates for M_B1,
whereas other parameters and coefficients remained the
same as the optimal modeling (Table 4). The result of M_B1
(DIC_B1) showed lower diurnal variability than DIC_Opt,
and the diurnal variations of the result of M_B0 (DIC_B0)
were largely eliminated (Fig. 9B,D). It was therefore
revealed that the diurnal variability of DIC was essentially
driven by the NEP of the nearshore ecosystems. Athough
DIC_B0 and DIC_B1 exhibited different diurnal amplitudes,
their daily mean concentrations were similar to DIC_Opt
(Fig. 9B,D). This indicated that the daily average DIC
Fig. 7. (A,C) DIC_Opt simulated by the optimal modeling and the DIC changes caused by
biological effects (DDIC_Bio) at each 0.25-h time step; (B,D) DDIC_Bio was broken down to the
contributions from ecosystem photosynthesis (DDIC_GPP), respiration (DDIC_ER), and
calcification (DDIC_CaCO3).
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concentrations in the two nearshore water systems were
mainly determined by mixing rather than biological
processes.
The oligotrophic surface waters offshore of the two
study sites were close to equilibrate with the atmosphere
with small variations on short-term timescales (Liu et al.
2002). When brought into the biologically active nearshore
zone, these waters tended to damp the local biological
effects that drove the nearshore seawater away from the
atmospheric equilibrium. Strongly affected by the offshore
surface water advection, the daily averages of DIC_Opt at
Aodi thus generally varied around DIC_Osurf. Furthermore,
Fig. 8. (A,E) Tidal elevation and current velocity; (B,F) modeled intrusion intensities of the
offshore surface (Ex_Osuf) and subsurface water (Ex_Osub); (C,G) DIC concentration gradients
between the nearshore water and offshore surface (DIC_Osurf–DIC_Nsw) and subsurface water
(DIC_Osub–DIC_Nsw); (D,H) modeled DIC changes due to gas exchange (DDIC_Gas), biological
activities (DDIC_Bio), and mixing (DDIC_Mix) at each 0.25-h time step.
Table 4. Model testing using different settings.
Model Description and parameterization
M_Opt Modeling using the optimal parameters and coefficients listed in Table 2
M_B0 Model testing with no net ecosystem production
GPPmax50, ER50, and other parameters and coefficients remain the same as M_Opt
M_B1 Model testing with half of the optimal net ecosystem production rates
GPPmax and ER are set as half of the optimal values, and other parameters and coefficients remain
the same as M_Opt
M_Nomix Model testing assuming an isolated condition without mixing
Ex_Out50, Ex_In50, and other parameters and coefficients remain the same as M_Opt
M_Nosub (for Nanwan) Model testing without considering upwelling at Nanwan
f_Osub50, and other parameters and coefficients remain the same as M_Opt
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the evolution of the tidal mixing effect adjusted the DIC
diurnal amplitudes on the spring–neap tidal cycles at Aodi.
The stronger tidal advection during the spring tide caused a
greater decrease in the biologically driven DIC diurnal
variation, whereas the weak mixing strength at neap tide
gave prominence to the accumulation of local biological
signals, which resulted in a higher DIC diurnal variability.
At Nanwan, the hydrodynamic feature was complicated
by the tide-induced upwelling. To examine the upwelling
effect, we ran a model testing without considering the
intrusion of the upwelled subsurface water at Nanwan
(M_Nosub, Table 4). The fraction coefficient of upwelling
(f_Osub, Eqs. 21 and 22) was set to zero in M_Nosub. The
simulated DIC_Nosub decreased rapidly and then varied
around DIC_Osurf (Fig. 10), which revealed that the high
DIC concentrations at Nanwan during spring tide were
mainly supplied and sustained by the upwelling. As
indicated by the temperature decreases (Fig. 3G) and
current velocity (Fig. 8E), the upwelling was intensified
during spring tide, characterized by a higher volume of
subsurface water intrusion (Ex_Osub, Fig. 8F) from a
greater depth with higher DIC concentrations (DIC_Osub,
Fig. 10). Towards neap tide, Ex_Osub (Fig. 8F) decreased
concomitantly with DIC_Osub (Fig. 10), resulting in a lower
inorganic carbon supply and thus the decline of DIC from
spring to neap tide. The concentrations of DIC_Nosub at
Nanwan varied around DIC_Osurf during the neap tide
when tidal advection was predominant (Fig. 10), which was
similar to the modeling results of Aodi. It should be noted
that our study focused only on the upwelling pumping of
inorganic carbon, which increased the surface DIC and
might have led to CO2 emission to the atmosphere.
However, the biogeochemical effects of upwelling could
be much more complex. Previous studies (Chen et al.
2004a,b; Jan and Chen 2009) estimated the nutrient fluxes
pumped by the upwelling and its consumption in surface
water in Nanwan Bay. Their results indicated that the
upward movement of nutrients may feed local primary
production and boost the biological uptake of CO2.
Modeling of carbon fluxes—The modeled carbon fluxes
(CF and CFDaily) are summarized in Fig. 11, where CF
(Fig. 11A,C) is the flux at each 0.25-h time step and CFDaily
(Fig. 11B,D) is the net daily flux. The positive values
correspond to the carbon fluxes exported from the nearshore
water, and the subscripts Gas, Mix, and Bio refer to the
fluxes caused by gas exchange, mixing, and biological
activities. At both sites, CF_Bio exhibited a clear day–night
cycle because of the dominant biological activities: photo-
synthesis removed DIC from the nearshore waters in
daytime whereas respiration had an opposite effect at night
Fig. 9. DIC variations simulated by model testing under different settings: (A,C) optimal
modeling (DIC_Opt), with no physical mixing (DIC_Nomix); (B,D) with no NEP (DIC_B0), and
with half of the optimal NEP rates (DIC_B1), see Table 4 and the text for details. Also shown is
the DIC concentrations in the offshore surface water observed at reference stations (DIC_Osurf).
Fig. 10. The optimal modeling result (DIC_Opt) and the
simulation without considering the upwelling at Nanwan (DIC_
Nosub), see Table 4 and the text for details. Also shown are the
DIC concentrations of the offshore surface end member observed
at reference stations (DIC_Osurf), and those of the subsurface end
member estimated from the daily temperature minima (DIC_Osub).
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(Fig. 11A,C). In contrary, the mixing-induced carbon fluxes
(CF_Mix) were generally correlated to the water exchange and
tidal cycling (Fig. 3A,F), e.g., the CF_Mix were directed from
offshore to nearshore during flood tide and exported from
nearshore during ebb tide (Fig. 11A,C). Considering the net
daily carbon fluxes, the positive values of CFDaily_Bio
(Fig. 11B,D) revealed that both ecosystems were overall
autotrophic and resulted in removal of DIC from the
nearshore water. One exception was on 05 June at Nanwan
when the cloudy weather depressed the photosynthesis and
the NEP was dominated by respiration. On the other hand,
the net daily carbon transports by mixing (CFDaily_Mix)
showed an opposite trend but similar magnitudes compared
to CFDaily_Bio. This suggested that the nearshore–offshore
carbon transports were mainly determined by the net
biological production of the productive ecosystems in the
two nearshore shallow water systems.
The distinct short-term variability observed in the two
nearshore shallow water systems under study reinforced the
need for high temporal resolution observations in dynamic
coastal regions, as well as a better understanding of the
mechanisms controlling the variability. Aside from the well-
known diurnal variations, this study highlighted the variabil-
ity over spring and neap tidal states in nearshore systems with
shallow depth and strong spring–neap cycles. The 1-D model
has demonstrated its applicability in examining the ecosystem
metabolism and in distinguishing the biophysical interactions
controlling the biogeochemical dynamics in nearshore waters
similar to our systems.
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